Introduction: High glucose levels are associated with cognitive impairment and total
| INTRODUC TI ON
Diabetes in the midlife was shown to increase the risk of cognitive impairment and dementia in the late life, wherein the hippocampal atrophy was one of the important mechanisms Biessels, Staekenborg, Brunner, Brayne, & Scheltens, 2006; Moran et al., 2013; Roberts et al., 2014) . Even in individuals without diabetes, higher glucose level is associated with cognitive impairment and the loss of hippocampal volume (Cherbuin, Sachdev, & Anstey, 2012; Crane et al., 2013) . These findings suggest that the hippocampus is particularly vulnerable to hyperglycemia. However, the hippocampal formation is a heterogeneous structure, consisting of several histologically distinguishable modules, such as the cornu ammonis (CA) regions, dentate gyrus (DG), subiculum, and presubiculum. Each region is associated with differential functions in various diseases (Bartsch, Dohring, Rohr, Jansen, & Deuschl, 2011; Pievani et al., 2011) . Therefore, further research would be required to elaborate the effect of hyperglycemia on hippocampal subdivision.
Currently, it still remains elusive for the association of the plasma blood glucose levels and the hippocampal subfield volumes, especially in the prediabetes stage. One study revealed that diabetes was associated with global hippocampal atrophy, driven by dysfunction of DG (Wu et al., 2008) . However, this study included participants of up to 80 years of age and most of them had previous cerebral infarction, two factors (age and ischemic stroke) which have likewise been linked to hippocampal atrophy. Another study showed that the loss of subiculum and CA1 volumes was more pronounced in patients with diabetes than the controls (Zhang et al., 2015) . Nevertheless, these studies did not distinguish those with prediabetes from the normal controls, thus making it still difficult to know which hippocampal subfield is affected in the early stage of diabetes.
In the present study, we used FreeSurfer version 6.0 to precisely segment the bilateral hippocampus and then explored the relationship between the plasma glycosylated hemoglobin (A1c) level and the hippocampal subfield volumes and cognitive performance in a relatively younger population.
| ME THODS

| Participants
In total, 60 volunteers (30 men and 30 women; mean age, 58.4 ± 4.9 years) from the memory clinic of Zhongnan Hospital of Wuhan University were enrolled in this study. Inclusion criteria were as follows: (a) from 50 to 70 years; (b) dementia-free (assessed by DSM-5) and stroke-free (assessed by medical history and brain MR imaging); and (c) education level higher than middle school. Exclusion criteria were as follows: (a) participants with contraindications to MR imaging; (b) other central nervous system diseases (such as intracranial infection, demyelinating diseases, or brain tumor); (c) severe depressive or anxious status assessed by medical history and Hamilton Depression and Hamilton Anxiety Scales; and (d) patients with hypoglycemic manifestations in the past 1 year (hunger, panic, cold sweat, and random blood sugar < 3.9 mmol/L). All the subjects underwent physical examinations, vascular risk factor evaluation, a series of complete neuropsychological assessments, and magnetic resonance imaging (MRI) scanning. This study was approved by the medical ethics committee of Zhongnan Hospital, Wuhan University. Written informed consent was obtained from each participant (clinical research registration number: chiCTR-RNC-12002205).
| Vascular risk factors assessment
Vascular risk factors (VRFs) were determined based on the participants' medical history and clinical examinations. Diabetes mellitus, hypertension, current smoking status, higher body mass index (BMI), serum lipid level, physical activity, and presence of ApoE4 status were recorded in details. The mean arterial pressure was calculated according to the results of 24-hr ambulatory blood pressure monitoring. The plasma A1c level (obtained by Beckman Synchron System) was used to assess the average blood glucose level. All participants were divided into three groups according to their medical history and the A1c level, with the criteria as follows (American Diabetes Association, 2018): nondiabetes group, A1c < 5.7%; prediabetes group, 5.7% ≤ A1c < 6.5%; and type 2 diabetes group, A1c ≥ 6.5%.
| Neuropsychological assessments
All participants underwent a full battery of neuropsychological assessments, which included global cognitive function (Montreal Cognitive Assessment, MoCA [Nasreddine et al., 2005] ), immediate and delayed memory (Rey auditory verbal learning test [Elst, Boxtel, Breukelen, & Jolles, 2005] ), executive function (Stroop color and word tests [Lee & Chan, 2000] ), and verbal fluency (verbal fluency test [Mok, Lam, & Chiu, 2004] ), and executive function with visuomotor tracking and attention ability (trail making test part A and part B [Lu & Bigler, 2002] ). The Hamilton Anxiety Scale and Hamilton Depression Scale (Leung, Wing, Kwong, Lo, & Shum, 1999) were used to exclude those with severe anxiety or severe depression. All the tests were assessed by trained and experienced neurologists.
| MR imaging
The MRI sequences include the three-dimensional T1-weighted and T2 FLAIR sequence. We obtained T1-weighted images using a single 
| MR image processing
Volumetric analyses were performed on the three-dimensional T1-weighted magnetization-prepared rapid gradient-echo images. After transforming the raw data into the Nifti format using MRIcron (https ://www.nitrc.org/proje cts/mricron), hippocampal subfield segmentation was performed using the FreeSurfer image analysis software version 6.0 (Fischl & Dale, 2000) , which is documented and freely available for download online. Hippocampal subfields were divided as follows: CA1, CA2/3, CA4, fimbria, DG, hippocampal-amygdaloid transition region, hippocampal tail, hippocampal fissure, molecular layer, parasubiculum, presubiculum, and subiculum. The total intracranial volume (ICV) was calculated on the T1-weighted images using SPM12 (Malone et al., 2015) . The global hippocampal volume was adjusted for the ICV using the following covariance formula:
where b is the slope of a regression of a region-of-interest volume of the ICV (Buckner et al., 2004) . We take left hippocampal volume for example (a) make the linear regression between ICV and hippocampal volume, wherein hippocampal volume is the dependent variable and ICV is the independent variable; (b) b is the slope of the regression;
(c) calculate the ICV-mean ICV, followed by multiplying the respective b value; (d) finish the rest according to the formula as follows:
HCV adj = HCV nat −b(ICV−mean ICV nat ); and (e) adjust each subfield hippocampal volume according to this way. This approach yields a distribution that is more Gaussian than the distribution obtained using a ratio approach. 
| Statistical analysis
| RE SULTS
| Study population
| Blood glucose status and cognitive function
As shown in Table 2 , no significant between-group differences were identified for any of the cognitive tests. However, there were suggestive between-group differences for executive function, as assessed by Table 3 shows the between-group differences in hippocampal subfield volumes. Significant differences among groups were found in the total left hippocampal volume (F = 3.257, p = 0.046) and left hippocampal tail volume (F = 4.623, p = 0.014) after adjusting all the covariants (Figure 1 ). In addition, the post hoc Sidak testing showed that, compared with the nondiabetes group, the volumes of the left hippocampal tail were significantly reduced both in diabetes and prediabetes group. There was no interaction between A1c categories and age (all p > 0.05).
| Blood glucose status and hippocampal subfields volume
As presented in Table 4 , among all participants, significant cor- 
| Volume comparison of bilateral hippocampal subfields
| D ISCUSS I ON
In this cross-sectional study, we used an automated volumetric segmentation method to accurately determine the hippocampal subfield volume in participants with and without diabetes, as well as those in the prediabetes stage. To the best of our knowledge, this is the first in vivo 
F I G U R E 1
The between-group difference of the left hippocampal volume and the left hippocampal tail volume. Compared with the nondiabetic group, the volume of the tail of hippocampus decreased significantly in both prediabetic and diabetic groups. L-HP, left hippocampus attributed to cerebrovascular disease and disruption of frontal subcortical networks. In our study population, stroke events are excluded, and the degree of cerebral small vessel diseases is very mild (assessed by presence of lacuna and WMHs), which indicated that there may exist nonvascular pathological damage underlying the executive dysfunction in prediabetes stage. In fact, previous studies have shown that reduced hippocampal volume correlates with executive dysfunction, but not memory function in major depression (Frodl et al., 2006) .
Similar to the findings of a previous report (Zhang et al., 2015) , the present study also found that the volumes of the bilateral hippocampus, bilateral hippocampal molecular layer, and left DG were significantly reduced in participants with diabetes. These results strengthened the evidence that there is preferential involvement of certain hippocampal subfields in patients with diabetes. As the bilateral hippocampal volume was asymmetrical with differential function (Woolard & Heckers, 2012) , it is better to separate the bilateral hippocampal subfields than to combine them when comparing among various groups (Zhang et al., 2015) . We further sorted out prediabetes participants and found that the left hippocampal tail was the major hippocampal substructure affected in this early stage. Our results suggest that the volume loss in the left hippocampal tail may be an early biomarker for hyperglycemia-associated hippocampal atrophy.
Hippocampus can be segmented anatomically and functionally into distinct subfields (head, body, and tail) along its ventrodorsal axis (Fanselow & Dong, 2010) . In humans, functional connectivity in the hippocampal tail correlated positively with the thalamus and posterior cingulate cortex and promoted the formation of hippocampus-associated cognitive function (Zarei et al., 2013) . At present, the mechanisms underlying the hippocampal tail shrinkage vulnerability to hyperglycemia remain unclear, in which we speculate that hippocampal microangiopathy may play an important role.
The arterial supply of the hippocampal tail originates from the P3 segment of the posterior cerebral artery, a peripheral artery that is often involved in diabetes (Umemura, Kawamura, & Hotta, 2017) . Indeed, a prior clinical study showed that hyperglycemia can lead to small vascular and microvascular lesions in multiple brain regions, including the hippocampus (Sanahuja et al., 2016) , while an experimental study using an animal model of diabetes demonstrated that antidiabetic drugs were able to partially restore abnormal amyloidbeta transport across the blood-brain barrier and improve memory function (Chen et al., 2016) . Other studies have shown that the hippocampal tail volume of patients with major depression was significantly smaller than that of the controls (Maller et al., 2012) and that diabetes was one of the most important risk factors for senile depression (Semenkovich, Brown, Svrakic, & Lustman, 2015) .
Therefore, structural and functional impairment of the hippocampal tail may be a common pathological manifestation of depression and diabetic brain damage.
There are several limitations in our study. First, the sample size of our study was relatively small, which may impede its generalizability. Second, we did not evaluate the microvascular complications such as microvascular lesions in retina and kidney, but we examined two main presentations of cerebral small vessel diseases (lacunae and WMHs). Third, random blood glucose level was not measured immediately before the neuropsychological assessment, which may affect the instant cognitive results. Nevertheless, this study clearly supports the view that for individuals with diabetes, the left posterior hippocampus, especially the hippocampal tail, may be affected earlier and associated with executive dysfunction. Additional studies, especially longitudinal studies, are needed to demonstrate the exact role of the hippocampal tail in diabetes-associated cognitive impairment. Furthermore, clinicians should pay particular attention to adults in the prediabetes stage in order to prevent later cognitive impairment.
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